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REMOTE-SENSING METHOD AND DEVICE 


CROSS-REFERENCE TO RELATED 
APPLICATION(S) 


This application is a continuation-in-part of U.S. applica- 
tion Ser. No. 10/632,347, filed Aug. 1, 2003, now U.S. Pat. 
No. 7,272,431, which claims the benefit of U.S. Provisional 
Application No. 60/400,399, filed Aug. 1, 2002, and U.S. 
Provisional Application No. 60/473,670, filed May 23, 2003, 
the contents of which are herein incorporated by reference. 
This continuation-in-part application claims the benefit under 
35U.S.C. 120 of U.S. application Ser. No. 10/632,347 and the 
benefit under 35 U.S.C. 119(e) of U.S. Provisional Applica- 
tion No. 60/841,765, filed Aug. 31, 2006, the contents of 
which are herein incorporated by reference. 


STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 


The U.S. Government has certain rights in this invention 
pursuant to NAS7-1407 provided by the National Aeronau- 
tics and Space Administration, Office of Space Science. 


BACKGROUND OF THE INVENTION 


1. Field of the Invention 

The present invention relates to a remote sensing method 
and a device, and more particularly, to a remote sensing 
method and a device utilizing microwaves to remotely mea- 
sure waveforms directly related to electrocardiographic data, 
bioimpedance data, phonocardiographic data, and respiration 
pattern. 

2. Description of Related Art 

Information concerning a patient’s respiration and heart 
function is vital to the diagnosis and monitoring of many 
medical conditions. An electrocardiograph is a device that is 
commonly used to provide information, often in the form of 
an electrocardiogram, concerning heart function. Electrocar- 
diographs provide outputs that are indicative of electric fields 
created by the heart as it beats. Operation of an electrocardio- 
graph typically requires attachment of nine leads, which are 
combined to obtain twelve sets of measurements. A large 
body of clinical experience has been amassed which has 
revealed correlations between specific shapes in the wave- 
forms output by an electrocardiograph and many different 
types of heart conditions. 

An impedance cardiograph is another device that is used to 
provide information, often in the form of an impedance car- 
diogram, concerning heart function. Impedance cardiographs 
measure changes in impedance within tissue to estimate 
changes in volume of a patient’s body and organs. In several 
systems, alternating currents are transmitted through a 
patient’s chest. The current seeks the path of least resistance, 
which theory predicts to be the blood filled aorta. As blood 
volume and velocity in the aorta change with each heartbeat, 
so too does the impedance of the tissue in the patient’s chest. 
The changes in impedance can be used for diagnostic pur- 
poses. 

Sounds made by the heart as it beats are the most com- 
monly used indicator of basic heart function. A physician 
typically listens for the normal first, S1, and second, S2, heart 
sounds using a stethoscope pressed against the patient’s 
chest. If sounds in addition to S1 and S2 are heard, such as a 
so-called “heart murmur,” these sounds indicate that further 
tests are necessary to assess the condition of the patient’s 
heart. Such additional sounds should not normally be present, 
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and can indicate a variety of abnormal heart conditions, such 
as a leaky heart valve, for example. A phonocardiograph is a 
device commonly used to provide detailed information on 
heart sounds, usually in the form of a phonocardiogram. The 
phonocardiogram waveform is measured by placing a sensi- 
tive microphone, or accelerometer, in contact with the chest at 
one of several well-defined auscultation locations. There is a 
large body of clinical data to assist in interpreting the phono- 
cardiogram for diagnostic purposes, such as, for example, 
Rangaraj M. Rangayyan and Richard J. Lehner, “Phonocar- 
diogram signal analysis”, CRC Critical Reviews in Biomedi- 
cal Engineering, vol. 15, issue 3, pp. 211-236 (1998), which 
is herein incorporated by reference. 

Electrocardiographs and impedance cardiographs typi- 
cally involve attaching electrical leads to the subject being 
measured, and impedance cardiographs typically involve 
passing a current through the subject’s body. Phonocardio- 
graphs require attaching a specially-designed microphone or 
accelerometer to the subject’s torso. 

U.S. Pat. Nos. 6,122,537; 5,760,687; 4,958,638; 6,753, 
780; 6,208,286; 6,031,482; and 5,488,501, which are herein 
incorporated by reference, demonstrate modulation of the 
phase and/or frequency of a reflected microwave signal (i.e., 
radar or Doppler radar techniques) to provide a measurement 
of pulse rate and/or respiration rate. 


SUMMARY OF THE INVENTION 


A remote-detection system is provided for monitoring 
changes in permittivity associated with physiological activity 
ofa subject that is free to move. The system includes a source 
containing an oscillator configured to illuminate tissue of the 
subject with an electromagnetic signal beam. The system 
further includes a receiver configured to receive reflections of 
the electromagnetic signal beam from the subject. The reflec- 
tions include amplitude variations indicative of motion of the 
illuminated tissue and amplitude variations indicative of time 
dependent variations in the permittivity of the illuminated 
tissue associated with electrical activity of the subject’s heart. 
The system further includes a detector connected to the 
receiver and configured to extract from the reflected signal 
beam the variations in amplitude indicative of motion of the 
illuminated tissue or indicative of time dependent variations 
in the permittivity of the illuminated tissue associated with 
the electrical activity of the subject’s heart. 

In an exemplary embodiment of the present invention, the 
detector is configured to extract from the reflected signal 
beam the variations in amplitude indicative of motion of the 
illuminated tissue as correlates with heart sounds or a phono- 
cardiogram of the subject. 

In an exemplary embodiment of the present invention, the 
source also includes a first antenna portion, and the receiver 
includes a second antenna portion connected to the detector. 

In an exemplary embodiment of the present invention, the 
source and the receiver are directionally coupled to a single 
antenna that acts as the first antenna portion and the second 
antenna portion. 

In an exemplary embodiment of the present invention, the 
subject has a beating heart; the permittivity of the illuminated 
tissue changes in response to the beating heart; the amplitude 
of the reflected electromagnetic signal beam changes as the 
permittivity of the illuminated tissue changes; and the detec- 
tor is configured to extract from the reflected electromagnetic 
signal beam variations in amplitude associated with the 
changes in the permittivity of the illuminated tissue. 

A remote-detection system is provided for monitoring the 
physiological activity of a subject. The system includes 
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means for illuminating tissue of the subject with an electro- 
magnetic signal. The system further includes means for 
detecting reflections of the electromagnetic signal. The 
reflections include amplitude variations indicative of motion 
of the illuminated tissue and amplitude variations indicative 
of time dependent variations in the permittivity of the illumi- 
nated tissue associated with electrical activity of the subject’s 
heart. The system further includes means for extracting a 
signal indicative of the changes in the amplitude of the elec- 
tromagnetic signal reflected by the illuminated tissue that are 
associated with motion of the illuminated tissue or with time 
dependent changes in the permittivity of the illuminated tis- 
sue associated with the electrical activity of the subject’s 
heart. 

In an exemplary embodiment of the present invention, the 
system further includes means for extracting a signal indica- 
tive of the changes in the amplitude of the electromagnetic 
signal reflected by the illuminated tissue that are associated 
with motion of the illuminated tissue as correlates with heart 
sounds or a phonocardiogram of the subject. 

A method of observing changes in the permittivity of a 
subject associated with physiological activity is provided. 
Tissue of the subject is illuminated with an electromagnetic 
signal beam. Reflections of the electromagnetic signal beam 
are received that include amplitude variations indicative of 
motion of the illuminated tissue and amplitude variations 
indicative of time dependent variations in the permittivity of 
the illuminated tissue associated with electrical activity of the 
subject’s heart. From the reflected signal a signal is extracted 
indicative of the changes in the amplitude of the electromag- 
netic signal associated with motion of the illuminated tissue 
or with time dependent changes in the permittivity of the 
illuminated tissue associated with the electrical activity of the 
subject’s heart. 

In an exemplary embodiment of the present invention, 
from the reflected signal a signal is extracted indicative of the 
changes in the amplitude of the electromagnetic signal asso- 
ciated with motion of the illuminated tissue as correlates with 
heart sounds or a phonocardiogram of the subject. 

A remote sensing system and method are provided for 
providing physiological data of a subject. The system 
includes a transmitter, a receiver, and a processor. The trans- 
mitter is for transmitting a microwave signal to illuminate 
tissue of the subject. The receiver is for receiving a reflected 
microwave signal. The reflected microwave signal is a reflec- 
tion of the microwave signal from illuminated tissue of the 
subject. The processor is for processing the reflected micro- 
wave signal. The processor is configured to analyze an ampli- 
tude of the reflected microwave signal to determine changes 
in permittivity of the illuminated tissue of the subject. The 
changes in permittivity contain a DC component and a time- 
varying component. The processor is configured to process 
the time-varying component to provide cardiographic related 
data of the subject. 

In an exemplary embodiment of the present invention, the 
cardiographic related data correlate with an electrocardio- 
gram or an impedance cardiogram. 

In an exemplary embodiment of the present invention, the 
processor is further configured to process the time-varying 
component to provide a respiratory pattern and/or a pulse rate 
of the subject. 

In an exemplary embodiment of the present invention, the 
transmitter includes an RF oscillator coupled to a circulator 
and an antenna coupled to the circulator. In addition, the 
receiver includes the antenna coupled to the circulator. Fur- 
thermore, the processor includes an amplifier, a direct detec- 
tor, and a computer. 
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In an exemplary embodiment ofthe present invention, the 
microwave signal has a frequency between 100 MHz and 200 
GHz. 


BRIEF DESCRIPTION OF THE DRAWINGS 


FIG. 1 is a schematic view of a remote-detection system in 
accordance with an embodiment of the present invention 
illuminating a subject with an electromagnetic signal. For 
clarity only, motion and permittivity information carrying 
components of the reflected signal are shown spatially sepa- 
rated. 

FIG. 2 is a block diagram of the components of a system in 
accordance with an embodiment of the present invention. 

FIG. 3 is a schematic illustration of three orthogonal com- 
ponents of the dipole of a heart during depolarization and 
repolarization. 

FIG. 4 is a schematic diagram illustrating an embodiment 
of a detector in accordance with the present invention includ- 
ing separate antennas for generating and detecting an electro- 
magnetic signal. 

FIG. 5 is a block diagram showing an embodiment of a 
remote-detection system in accordance with the present 
invention that includes separate antennas for generating and 
detecting an electromagnetic signal. 

FIG. 6 is a block diagram of a test system for applying an 
external electrical stimulation to the body of a subject and 
comparing the results from a system in contact with the sub- 
ject and from a remote-detection system in accordance with 
the present invention. 

FIG. 7 is a frequency-domain graph showing the response 
measured by a system in contact with the subject and the 
response measured by a remote-detection system in accor- 
dance with the present invention when no external stimula- 
tion signal is applied to the subject. 

FIG. 8 is a frequency-domain graph showing the response 
measured by a system in contact with the subject and the 
response measured by a remote-detection system in accor- 
dance with the present invention when an external stimulation 
signal of 3.5 Hertz is applied to the arm of the subject. 

FIG. 9A is a frequency-domain graph showing the 
response measured by a system in contact with the subject and 
the response measured by a remote-detection system in accor- 
dance with the present invention when an external stimulation 
signal of 10.5 Hertz is applied to the arm of the subject. 

FIG. 9B is a frequency-domain graph showing the 
response measured by a system in contact with the subject and 
the response measured by a remote-detection system in accor- 
dance with the present invention when an external stimulation 
signal of 15 Hertz is applied to the arm of the subject. 

FIG. 10 is a schematic view of a remote-detection system in 
accordance with another embodiment of the present invention 
illuminating a subject with an electromagnetic signal. For 
clarity only, motion and permittivity information carrying 
components of the reflected signal are shown spatially sepa- 
rated. 

FIG. 11 is a block diagram of a test system showing an 
arrangement of microwave components for transmission and 
reception of the microwave signal, a phase-cancellation cir- 
cuit section, and commercial ECG, ICG, and PCG instru- 
ments according to an exemplary embodiment of the present 
invention. 

FIG. 12 is a diagram showing a placement of electrodes for 
the ECG and thoracic-impedance/ICG measurements, and 
the location of the accelerometer (black square) for the PCG 
measurements, with the shaded circle indicating an area of the 
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torso illuminated by the microwave beam and the vertical 
arrow showing the polarization of the microwave beam. 

FIG. 13 is a graph showing a reflected microwave signal 
and a simultaneously measured electrocardiogram (ECG) 
from an adult male breathing normally. 

FIG. 14 is a graph showing a simultaneously measured 
microwave cardiogram, impedance cardiogram, and electro- 
cardiogram with an adjusted vertical scale to allow the three 
curves to be shown together. 

FIG. 15 is a graph showing an ICG waveform that shows a 
characteristic steep rise due to the ventricular systole and 
shows a lowpass-filtered microwave cardiogram with 
adjusted amplitude to match the ICG waveform. 

FIG. 16 is a graph showing an ICG measured with contact- 
ing electrodes, the derivative of the ICG including points 
indicating the A-wave (atrial systole), the C-wave (ventricu- 
lar systole), the O-wave (ventricular diastole), and the points 
B and X (aortic valve opening and closing, respectively), and 
the derivative of the lowpass-filtered microwave cardiogram 
with vertical dashed lines indicating significant similarities 
between the waveforms. The vertical scale for each curve was 
adjusted to allow the three curves to be shown together. 

FIG. 17 is a graph showing (a) a highpass filtered micro- 
wave cardiogram, (b) an ECG measurement made with con- 
tacting electrodes placed in the region illuminated by an 18 
GHz signal. Characteristic features of the ECG are labeled on 
curve (b). Features in curve (a) that are correlated with the 
ECG waveform, as well as with other cardiac-related physi- 
ology, are labeled with numbers 1 through 6. 

FIG. 18 is a graph showing (a) microwave cardiogram 
measured at a distance of 17 feet, (b) the lowpass filtered 
microwave cardiogram and the derivative of the lowpass fil- 
tered microwave cardiogram with characteristic points of an 
ICG identified, and (c) the highpass filtered microwave car- 
diogram and a reference ECG measurement made with con- 
tacting electrodes. 

FIG. 19 is a graph showing (a) microwave cardiogram 
measured for an adult male located behind an interior wall; 
(b) the lowpass filtered microwave cardiogram and its deriva- 
tive with the A-wave, O-wave, C-wave, and the X and B 
points identified; and (c) the highpass filtered microwave 
cardiogram. 

FIG. 20 is a graph showing (a) microwave signal reflected 
from the lower abdomen; (b) the lowpass filtered microwave 
signal and its derivative; and (c) the highpassed-filtered 
microwave cardiogram and the unfiltered ECG. 

FIG. 21 is a graph showing (a) microwave signal reflected 
from the left side of the head; (b) the lowpass filtered micro- 
wave signal and its derivative; and (c) the highpassed-filtered 
microwave cardiogram and the unfiltered ECG. 

FIG. 22 is a graph showing (a) microwave signal reflected 
from the upper part of the left leg; (b) the lowpass filtered 
microwave signal and its derivative; and (c) the highpassed- 
filtered microwave cardiogram and the unfiltered ECG. 

FIG. 23 is a graph showing (a) a highpass-filtered micro- 
wave cardiogram obtained from illuminating the torso; (b) the 
simultaneously measured phonocardiogram; (c) The ECG 
measured for reference. The first and second heart sounds are 
labeled in curve (b) as 1 and 2, respectively. The relevant 
points on the microwave cardiogram, curve (a), correspond- 
ing to correlated features in the PCG (curve (b)), and ECG 
(curve (c)), are labeled 3 through 6. 


DETAILED DESCRIPTION 


Embodiments of the present invention use reflected elec- 
tromagnetic signals to observe respiration and pulse and to 
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generate a phonocardiographic-related waveform, an imped- 
ance-cardiographic-related waveform, and an electrocardio- 
graphic-related waveform of a subject. Remote-detection 
systems in accordance with the present invention typically 
work by using an RF oscillatorto generate an electromagnetic 
signal beam that is then used to illuminate tissue on a portion 
of a subject. In operation, the subject’s respiration and 
changes in the dielectric value or permittivity, e, ofa patient’s 
body tissue accompanying each heartbeat can contribute to 
correlated variations in the reflection-coefficient at the air- 
tissue interface of the electromagnetic signal reflected by the 
subject, and thus directly changing the amplitude of the 
reflected signal. An output indicative of the amplitude of the 
reflection-coefficient which directly effects the amplitude of 
the signal reflected by the subject is generated. Digital signal 
processing techniques can be performed to extract the por- 
tions of the output that are indicative of the respiration rate 
and/or the pulse rate that produce information analogous to an 
electrocardiogram, an impedance cardiogram, or a phonocar- 
diogram of the subject. 

In one embodiment adapted for monitoring the physiologi- 
cal activity of a subject, the invention includes a source con- 
taining an oscillator configured to illuminate a subject with an 
electromagnetic beam and a receiver configured and opti- 
mized to observe changes in the amplitude of the electromag- 
netic beam reflected by the subject. The receiver is also 
responsive to the phase of the reflected signal, due to the small 
leakage, present in all real RF systems, of the source signal 
into the receiver. In all the prior art which uses an electromag- 
netic beam to obtain physiologic or cardiographic informa- 
tion on a subject, it is always assumed that the human body 
represents a dielectric with a fixed (i.e., not time-dependent) 
dielectric constant or permittivity. This average constant 
value is well-documented in the open literature. Variations in 
the reflected signal, as measured by the prior art embodi- 
ments, are taken to be due to mechanical, or motion-related, 
changes in the illuminated area of the subject, which are 
always assumed to be best measured by optimized observa- 
tions (usually based on homodyne-detection techniques) of 
the phase of the reflected signal while ignoring, or intention- 
ally clipping off, the changes in amplitude of the reflected 
signal. The invention described here takes a fundamentally 
different approach. In this approach, it is realized that while 
the human body does indeed have a large static, or basal, 
average permittivity, there are also extremely-small time- 
dependent variations in the permittivity which are driven by, 
and thus synchronous with, the beating heart. These periodic 
time-dependent variations in the permittivity primarily 
modulate the amplitude of the reflected signal by changing 
the actual value of the reflection coefficient of the electromag- 
netic wave at the surface of the body. This is in contrast to all 
prior art, which takes the reflection coefficient at the surface 
of the body tissue to be a fixed value, which is determined by 
the large average static-value of the permittivity or dielectric 
constant. In the embodiment of the invention disclosed here 
as mentioned above, the receiver is optimized to respond to 
the amplitude of the reflected electromagnetic waves, thus 
allowing measurements of cardiac function related to the 
electrical nature of the heart. This allows for measurements of 
waveforms related to the electrocardiographic and imped- 
ance-cardiographic physiology of the subject. In addition, 
since the receiver is also responsive (though intentionally 
unoptimized) to phase (as any receiver made from real-world 
components would be), motion related effects can also be 
measured. In a further embodiment, when operated at very 
high frequency, greater than about 10 GHz, it is possible to 
measure the actual waveform of the heart sounds, which 
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cause extremely small amplitude vibrations at the surface of 
the body; such heart-sound waveforms are commonly 
referred to as the phonocardiogram of a subject. 

Turning now to the diagrams, FIG. 1 illustrates a remote- 
detection system 10 in accordance with the present invention 
that includes an antenna 12 coupled via a directional coupler 
14 to an RF oscillator 16 and an amplifier and RF power 
detector 18. In addition, the RF detector is connected to a 
digital signal processor 20. The RF oscillator and the antenna 
can illuminate a subject 24 with an electromagnetic beam 22. 
The subject typically reflects a portion of the incident elec- 
tromagnetic signal and the antenna and the RF detector can be 
used to generate a signal indicative of the amplitude of the 
reflected signal. Information can then be extracted from the 
signal generated by the antenna and the RF detector by the 
digital signal processor 20. 

When a subject is illuminated with an electromagnetic 
signal generated by a remote-detection system 10 in accor- 
dance with the present invention, the electromagnetic signal 
can be reflected as a result of the signal encountering a bound- 
ary between materials having different complex permittivity 
values. In the illustrated embodiment, the subject is a human 
and the electromagnetic signal beam 22 illuminates the sub- 
ject’s torso 26. Air has a dielectric constant near 1, which is 
very low compared to the permittivity of human tissue, which 
is a complex function of frequency, temperature, and ion- 
concentration. Therefore, a significant amount of any electro- 
magnetic signal illuminating a human subject will be 
reflected by the subject’s body. The amplitude and pattern of 
the reflected signal can depend at least in part on changes in 
the permittivity of the illuminated tissue of the subject. The 
permittivity of a material may change with a change in the 
composition and/or configuration of ions, and/or their mobili- 
ties, in the material, or changes in the fluid-content or chemi- 
cal composition of the material. Thus, the amplitude and 
pattern of the reflected signal often depends at least partially 
on the shape and/or configuration of the subject’s body, as 
well as the water and ion content of the tissues. These per- 
mittivity changes can be associated with the depolarization 
waves that sweep the heart as it beats, or with changes in the 
location of blood volumes within the body as the heart pumps. 
These and other physiological processes therefore can alter 
the pattern of the reflected signal in ways that can be observed 
using the antenna. Changes also occur in the shape or position 
of a subject’s chest (i.e., mechanical changes) or structures 
inside the chest that are associated with respiration. These 
mechanical changes also alter the parameters of the reflected 
signal. 

A block diagram of a remote-detection system in accor- 
dance with the present invention is illustrated in FIG. 2. The 
remote-detection system 10' includes a synthesized RF oscil- 
lator 40 that is connected to a common node 42 and a first 
amplifier 44. The common node 42 is connected to an oscil- 
lator 46 and a lock-in amplifier 48. The output of the first 
amplifier 44 is connected to an antenna 50 via a directional 
coupler 52. The directional coupler is also connected to a 
second amplifier 54. The output of the second amplifier is 
connected to a mixer 56. A separate RF oscillator 58 provides 
an output to the mixer. This is a heterodyne technique which 
allows the high microwave frequency to be shifted down to a 
lower RF frequency, while preserving amplitude information, 
where a narrow bandpass or lowpass filter can then be 
employed to reduce the overall noise of the system. (Note that 
this is not the same as the homodyne technique of frequency 
conversion used in Doppler, and other types of Radars.) The 
output of the mixer is connected to the input of a third ampli- 
fier 60. The output of the third amplifier is connected to a 


fan 


5 


20 


25 


40 


45 


50 


65 


8 


bandpass filter 62 and the output of the bandpass filter is 
connected to a direct detector 64 of RF power. An output of 
the RF direct detector 64 is connected to an input of the 
lock-in amplifier 48 and the output ofthe lock-in amplifier 48 
is then provided to a data acquisition computer 66. This 
scheme using a mixer and lock-in amplifier allows the noise 
ofthe system to be reduced, thus improvingthe overall signal- 
to-noise ratio, but it is not fundamentally required for the 
detection of the cardiographic-related signals. 

In one embodiment, the synthesized RF oscillator 40 pro- 
duces an electromagnetic signal in the range of 20 GHz and 
can be implemented using a Model 33120 A manufactured by 
Hewlett-Packard Company of Palo Alto, Calif. (“Hewlett- 
Packard”). The amplitude of the signal is modulated by a 
1-to-10 kilohertz range signal generated by oscillator 46 
which is implemented using a Model 83723B manufactured 
by Hewlett-Packard. The first amplifier 44 boosts the strength 
of the signal and is implemented using a 2-20 GHz amplifier 
such as a Model 8349B manufactured by Hewlett-Packard. 
The waveguide horn antenna 50 produces the radiated signal 
beam and is implemented using a Model 639 manufactured 
by the Narda division of L-3 Communications Corporation of 
New York, N.Y. The directional coupler 52 couples the signal 
to be radiated to the antenna 50 and the signal received by the 
antenna 50 to second amplifier 54, and is implemented using 
a Model P752C-10 dB manufactured by Hewlett-Packard. 
The second amplifier 54 provides a low-noise amplification 
of the reflected signal and is implemented using a 20 GHz 
amplifier such as a Model AMF-3D-000118000-33-10P 
manufactured by MITEQ, Inc. of Hauppauge, N.Y. 
(“MITEQ”). The 2nd harmonic mixer 56 down-converts the 
signal to 1 GHz and can be implemented using a Model 
SBE0440LWI manufactured by MITEQ. The RF oscillator 
58 serves as the local oscillator for the mixer 56 and is imple- 
mented using a Model 8340A manufactured by Hewlett- 
Packard. The third amplifier 60 boosts the signal to a level 
appropriate for the direct detector 64 and can be implemented 
using a 1 GHz amplifier such as a Model 4D-00011800-33- 
10P manufactured by MITEQ. The bandpass filter 62 limits 
the signal reception bandwidth in order to reduce the noise of 
the detection system and can be implemented using a 300 
MHz bandpass filter such as a Model 381-1390-50S11 manu- 
factured by Reactel, Incorporated of Gaithersburg, Md. The 
direct detector 64 produces a video response proportional to 
the amplitude of the reflected electromagnetic signal and can 
be implemented using a Model 8473C manufactured by 
Hewlett-Packard. The lock-in amplifier 48 detects the ampli- 
tude of the output from the direct detector 64 synchronously 
with the 1-to-10 kilohertz range modulation signal generated 
by oscillator 46, and can be implemented using a Model 
SR830 manufactured by Stanford Research Systems of 
Sunnyvale, Calif. (“Stanford Research Systems”). The data 
acquisition computer 66 digitizes the output of the lock-in 
amplifier 48, stores the signal, and displays the signal in a 
graphical format. The computer 66 may be implemented 
using a Macintosh Model 8600/300 manufactured by Apple 
Computer, Inc. of Cupertino, Calif. (an “Apple Macintosh”). 

The heart generates an electric field as a result of a portion 
of the heart being polarized and a portion of the heart being 
depolarized. When the heart beats, heart cells are thought to 
be initially polarized due to an imbalance in the concentration 
of ions on either side of cell membranes. As the heart muscles 
contract, the cell membranes of the heart muscle cells are 
thought to become permeable and the concentration of ions 
on either side of the membrane balances. Observations indi- 
cate that heart muscle cells do not depolarize simultaneously. 
Rather, a depolarization wave sweeps across the heart starting 
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in the atria and moving to the ventricles. Once the heart has 
finished contracting, the heart muscle cells repolarize. The 
depolarization and repolarization of the various portions of 
the heart act as dipole-like current generators which drive 
ionic currents, primarily CI" and Na“ ions, in the extra-cellu- 
lar fluid in bodily tissues. These ionic currents are propor- 
tional to the electric dipole fields generated by the heart. The 
ionic currents can be converted to conventional electron cur- 
rents using Ag/AgCl electrodes placed in contact with the 
body, and amplified and detected for further study. The result- 
ing waveforms obtained this way are commonly referred to 
electrocardiograms, and are indicative of the dipole moment, 
and can be used in medical diagnosis. 

FIG. 3 shows an example of the orthogonal components of 
the dipole moment generated by a heart during three succes- 
sive beats. The magnitude of the orthogonal components of 
the electric field during the P wave (80), the QRS complex 
(82)and the T wave (84) are indicated on the graph, which 
depicts the x, y, and z-components of the dipole moment. The 
changes in strength and direction of the dipole moment of the 
heart provides information concerning the electrophysiology 
of the heart. Theory predicts that the dipole generated by the 
heart during the depolarization of the atria generates a P-wave 
on the output of an electrocardiograph. Theory also predicts 
that the dipole of the heart during the depolarization of the 
ventricles generates a series of waves on the output of an 
electrocardiograph known as the “QRS complex.” The 
T-wave is thought to be associated with the dipole generated 
by the heart during repolarization of the ventricles. A further 
description of the electric field and physiology of the heart as 
it beats is provided in the paper published by R. K. Hobbie in 
the American Journal of Physics, vol. 41, p. 824 (1973) 
entitled “The Electrocardiogram as an Example of Electro- 
statics)’ which is incorporated herein by reference in its 
entirety. 

An embodiment of a remote-detection system in accor- 
dance with the present invention that includes separate anten- 
nas for illuminating a subject and for receiving reflections is 
illustrated in FIG. 4. The remote-detection system 10" is 
similar to the embodiment illustrated in FIG. 1, except that a 
first antenna 200 is used to generate an electromagnetic signal 
beam and a second antenna 202 is used to detect the reflected 
electromagnetic signal beam. 

A block diagram of a remote-detection system 10" includ- 
ing two antennas is shown in FIG. 5. The remote-detection 
system 10" includes a function generator 204 that is con- 
nected to a common node 205. A synthesized RF oscillator 
206 is also connected to the common node 205 and to a first 
amplifier 208. The output of the first amplifier is provided to 
a waveguide horn antenna 200 via a coax-to waveguide tran- 
sition 209. A second antenna 202 is contained in a cryostat 
210 and includes a silicon bolometer 212 and a Winston cone 
213. The electromagnetic signal is admitted through a win- 
dow 214 in the cryostat and outputs from the silicon bolom- 
eter are provided to a lock-in amplifier 216 via a second 
amplifier 218. The lock-in amplifier is connected to the func- 
tion generator 204 via the common node 205 and to a data 
acquisition computer 219. 

The synthesized RF oscillator 206 produces an electro- 
magnetic signal in the range of 20 GHz and can be imple- 
mented using a Model 83723B manufactured by Hewlett- 
Packard. The amplitude of the signal is modulated by a one 
kilohertz range signal generated by function generator 204 
which is implemented using a Model 33120A manufactured 
by Hewlett-Packard. The signal is amplified by first amplifier 
208 which can be implemented using a 10 dB RF amplifier 
such as a Model 8349B manufactured by Hewlett-Packard. 
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The waveguide horn antenna 200 produces the radiated signal 
beam and can be implemented using a Model 33120A manu- 
factured by Microlab/FXR of Livingston, N.J. The cryostat 
210 with silicon bolometer 212 detects the amplitude of the 
reflected electromagnetic signal and can be implemented 
using a Model HDL-5 manufactured by Infrared Laborato- 
ries, Inc. of Tucson, Ariz. (“Infrared Laboratories”). The sec- 
ond amplifier 218 boosts the output of the silicon bolometer 
212 and can be implemented using a 20-30 dB amplifier such 
as a Model LN-6C manufactured by Infrared Laboratories. 
The lock-in amplifier 216 detects the signal output from the 
second amplifier 218 synchronously with the one kilohertz 
range modulation signal generated by function generator 204, 
and can be implemented using a Model SR830 manufactured 
by Stanford Research Systems. The data acquisition com- 
puter 219 is implemented using an Apple Macintosh 8600/ 
300. 

In addition to detecting physiological activity comprising 
the pumping of the heart, respiration, and/or a change in blood 
volumes or other internal bodily volumes, a remote-detection 
system in accordance with the present invention is capable of 
observing the changes in electromagnetic signal reflected by 
the subject due to ionic signals flowing within the body, such 
as those associated with nerve impulses. This is demonstrated 
by the ability of a remote-detection system in accordance 
with the present invention to detect changes in electromag- 
netic signal reflected by the subject due to electrical stimula- 
tion applied to the subject. 

Another remote detection system in accordance with the 
present invention is illustrated in FIG. 6. The system is con- 
figured to measure electro-stimulation of nerves in a subject’ s 
arm. The system for generating electro-stimulation includes a 
pulse generator 240. The output of pulse generator 240 is 
connected to opto-isolator 242 and digitizing scope/spectrum 
analyzer 244. Opto-isolator 242 is connected to the output of 
0-20 volt power supply 246 and to transmission electrodes 
248 in contact with the subject’s body. Reception electrodes 
250 in contact with the subject’s body are connected to the 
input of differential amplifier 252, and the output of differen- 
tial amplifier 252 is connected to the digitizing scope/spec- 
trum analyzer 244. In addition, the antenna 12' of a detection 
system (not shown) in accordance with the present invention 
is brought into proximity of the subject’s body. In the illus- 
trated configuration, the output of the detection system can be 
compared with measurements of the electro-stimulation 
obtained using the reception electrodes. 

Pulse generator 240 generates low frequency pulses (typi- 
cally less than twenty hertz) that set the frequency of pulses to 
be delivered to the subject. These pulses are fed into Opto- 
isolator 242. Opto-isolator 242 provides an isolated current to 
flow through the subject’s body and gates for transmission 
into the subject’s body pulses of electric current featuring a 
voltage of up to twenty volts provided by power supply 246. 
Transmission electrodes 248 conduct the pulses of electric 
current into the subject’s body. Reception electrodes 250 
develop a voltage potential between them corresponding to 
currents flowing through the subject’s body. Differential 
amplifier 252 detects and amplifies the potential developed 
between the reception electrodes into a signal convenient for 
processing. A detection system in accordance with the present 
invention is also brought into proximity of the subject to 
monitor the signals reflected by the illuminated subject in the 
presence of the pulses applied to the subject’s body. Digitiz- 
ing scope/spectrum analyzer 244 monitors the output of the 
pulse generator 240, which serves as areference, the output of 
the differential amplifier 252, which presents signals obtained 
using the reception electrodes, and the output of a detection 
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system in accordance with the present invention, which pre- 
sents signals detected by a monitoring system not in contact 
with the subject’s body. 

Frequency-domain charts showing the frequencies con- 
tained in the signal obtained using the reception electrodes, 
and the frequencies contained in the output signal of a detec- 
tion system in accordance with the present invention are 
illustrated in FIG. 7, FIG. 8, FIG. 9A, and FIG. 9B. The graph 
270 in FIG. 7 shows the frequency-domain signal 272 
obtained using the reception electrodes and the frequency- 
domain signal 274 output by an embodiment of a remote- 
detection system according to the present invention, taken 
during a period when no external electrical stimulation is 
applied to the subject’s body. The graph 290 in FIG. 8 shows 
the frequency-domain signal 292 obtained using the recep- 
tion electrodes and the frequency-domain signal 294 output 
by an embodiment of a remote-detection system according to 
the present invention, taken during a period when an external 
electrical stimulation consisting of pulses at a frequency of 
3.5 Hertz is applied to the subjects body. Peaks in the signal 
292 obtained using the reception electrodes can be seen at the 
fundamental frequency and several harmonic frequencies of 
the stimulation signal. Peaks can also be seen in the signal 294 
output by an embodiment of a remote-detection system 
according to the present invention at the fundamental fre- 
quency and several harmonic frequencies of the stimulation 
signal. The graph 310 in FIG. 9A shows the frequency-do- 
main signal 312 obtained using the reception electrodes and 
the frequency-domain signal 314 output by anembodiment of 
a remote-detection system according to the present invention, 
taken during a period when an external electrical stimulation 
consisting of pulses at a frequency of 10.5 Hertz is applied to 
the subject’s body. A peak can be seen in the signal 312 
obtained using the reception electrodes at the fundamental 
frequency of the stimulation signal. A peak can also be seen in 
the signal 314 output by an embodiment of a remote-detec- 
tion system according to the present invention at the funda- 
mental frequency of the stimulation signal. The graph 330 in 
FIG. 9B shows the frequency-domain signal 332 obtained 
using the reception electrodes and the frequency-domain sig- 
nal 334 output by an embodiment of a remote-detection sys- 
tem according to the present invention, taken during a period 
when an external electrical stimulation consisting of pulses at 
a frequency of 15 Hertz is applied to the subject’s body. Once 
again, a peak can be seen in the signal 332 obtained using the 
reception electrodes and also in the signal 334 output by an 
embodiment of a remote-detection system according to the 
present invention at the fundamental frequency of the stimu- 
lation signal. 

In addition to monitoring electrical currents originating 
within the body, such as nerve impulses, a remote-detection 
system in accordance with the present invention is capable of 
observing electrical currents flowing through the body as a 
result of externally applied stimulation signals. Electrical 
currents flowing within the body but generated by external 
stimuli such as heart defibrillators, electro-shock therapy, or 
devices such as cardiac pacemakers that are implanted within 
the body but applying to the body electrical currents gener- 
ated from artificial power sources, can all be monitored using 
a remote-detection system in accordance with the present 
invention as a means to detect or monitor the operation of 
and/or the subject’s body’s response to such external stimulus 
signals. 

All the above discussion applies equally to use of an 
embodiment of a remote-detection system according to the 
present invention to monitor physiological activity of or elec- 
trical signals externally applied to a fetus within a subject’s 
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body. Because the electromagnetic signal beam is being 
reflected from the mother’s body, monitoring of fetal physi- 
ological activity may benefit from removing or de-emphasiz- 
ing from the reflected signal those elements of the signal 
indicative of the mother’s physiological activity. 

As discussed above, a remote-detection system in accor- 
dance with the present invention is capable of obtaining a 
considerable amount of information concerning a subject. 
The particular information obtained by the remote-detection 
system is dependent upon the application. In one embodi- 
ment, the detector monitors a subject’s respiration and pulse 
rates. In other embodiments, the detector can obtain electro- 
cardiographic-related waveforms and impedance cardio- 
graphic-related waveforms, or monitor muscular or neural 
function. Alternatively, a detector in accordance with the 
present invention may simply detect the presence of a living 
creature either as a security device or to assist rescuers in 
locating trapped or unconscious people. 

In many embodiments involving a human subject, the sig- 
nal generated by the remote-detection system is in a fre- 
quency range of 10 GHz to 80 GHz with a beam width of three 
feet at a distance of 26 feet. Typically, a three foot wide beam 
is sufficient to localize a single person without interference. 
In other embodiments, signals in the range of 1 GHz to 100 
GHz can be used. Alternatively, embodiments could use sig- 
nals in the range of 100 MHz to 200 GHz. 

The width of the beam required depends on the application. 
For example, a broad beam could be used where a detector is 
attempting to detect the presence of a life form in a collapsed 
building. A narrow beam could then be used to determine the 
specific location of the detected life form. In medical diag- 
nostic applications, an appropriate beam would have suffi- 
cient width to obtain reflections from the required portions of 
the subject’s body and be sufficiently narrow to avoid 
unwanted reflections. Where Microwave Monolithic Inte- 
grated Circuit (“MMIC”) technology is used to construct 
remote-detection systems in accordance with the present 
invention, a patch antenna array at 18 GHz which is approxi- 
mately 4 inches on a side could produce the three foot wide 
beam described above at a distance of 20 feet. The effective 
range of the system would effectively scale with antenna size 
and transmitted power. Where antenna size is an issue, 
increasing the frequency of the electromagnetic radiation 
would enable the construction of smaller antennas, though the 
penetration through barrier would decrease. 

FIG. 10 is a schematic view of a remote-detection system in 
accordance with another embodiment of the present invention 
illuminating a subject with an electromagnetic signal. For 
clarity only, motion and dielectric information carrying com- 
ponents of the reflected signal are shown spatially separated. 
In accordance with another exemplary embodiment of the 
present invention, a new 18 GHz active measurement tech- 
nique is described which can remotely measure a person’s 
impedance-cardiographic-related, phonocardiographic-re- 
lated, and electrographic-related waveforms simultaneously. 
Using less than 1 milliwatt of RF power, the waveforms have 
been measured up to distances of 5 meters. Such measure- 
ments have also been obtained through (non-metallic) barri- 
ers such as walls. Since the method depends on the time- 
dependent permittivity and mechanical properties of the 
tissue, such waveforms can be obtained from most any area of 
the body. Results will be shown for measurements of the 
chest, lower abdomen, head, and leg. Larger signal amplitude 
variations driven by the physical motion of the chest/torso 
during breathing provide a means to remotely measure respi- 
ration rate at the same time. The RF system uses conventional 
off-the-shelf components, and a handheld unit could readily 
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be made with existing manufacturing methods. The potential 
medical, search & rescue, and other commercial applications, 
of this capability, as well as its limitations, will be discussed. 

As depicted in FIG. 10, an RF oscillator 400 generates a 
microwave signal that is coupled to a high-directivity antenna 
401 by a circulator 402. The antenna 401 forms a narrow 
beam which is directed at the patient 403. A small fraction of 
the signal reflected back from the patient is picked up by the 
same antenna 401. The received signal is then amplified by 
amplifier 404 and the power level measured with a simple RF 
direct detector 405. A laptop computer 406 analyzes the time- 
dependent waveform and provides the readout and/or storage 
of the data. 

The magnitude of the reflected signal for normal incidence 
is given by: 
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where P, is the power of the incident signal, and P,(t) is the 
reflected power level. e(t)=e0+Aeft) is the time-dependent 
complex dielectric value, or permittivity, of the illuminated 
tissue, where €( is the large static part and Ae(t) is the small 
time-dependent part, as previously discussed. The permittiv- 
ity of air is taken to be 1. There are two contributions to the 
time-dependent permittivity: (1) the volume of blood present 
in the tissue, and (2) the concentration of ions (Na*, CT and 
others) in the extracellular fluid, water. The average concen- 
tration of the various ions in the extracellular fluid have been 
well measured (see M. J. Peters, J. G. Stinstra, and I. Leveles, 
“The electrical conductivity of living tissue: a parameter in 
the bioelectrical inverse problem” Modeling and Imaging of 
Bioelectrical Activity, Principles and Applications, pp. 281- 
319, Bin He (editor), Plenum Publishers (2004), which is 
herein incorporated by reference), and is dominated by CI— 
and Na+. These values can be used to calculate the permittiv- 
ity of this fluid, that is accurate at GHz frequencies and over 
a range of concentrations and temperatures, as discussed in 
W. Ellison, A. Balana, G. Delbos, K. Lamkaouchi, L. 
Eymard, C. Guillou, and C. Prigent, “New permittivity mea- 
surements of seawater”, Radio Science, Vol. 33, Number 3, 
pp. 639-648, May-June (1998), which is herein incorporated 
by reference, and C. Guillou, W. Ellison, L. Eymard, K. 
Lamkaouchi, C. Prigent, G. Delbos, G. Balana, S. A. Bouka- 
bara, “Impact of new permittivity measurements of sea sur- 
face emissivity modeling in microwaves”, Radio Science, 
Vol. 33, Number 3, pp. 649-667, May-June (1998), which is 
herein incorporated by reference. Small changes in ionic con- 
centration driven by the electrical activity of the heart, can be 
estimated from the cardiac surface potentials using standard 
electrochemical theory. Thus Pr(t)/P, can be related back to 
the cardiac-driven surface potentials, and thus provide car- 
diac-related waveforms. And as previously discussed, the 
waveform of Pr(t)/P, also contains contributions from the 
volume of blood present in the tissue. As discussed below, the 
reflected microwave waveform also contains a time-depen- 
dent part due the extremely small motions (1.e., vibrations) of 
the torso caused by the heart sounds which constitute the 
phonocardiogram,(PCG). All of these contributions are peri- 
odic in time, and are driven by the mechanical and electrical 
action of the heart. 

One additional source of modulation of the reflected 
microwave beam is the motion of the chest caused by respi- 
ration. The motion of the chest does not change the amplitude 
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of the reflected beam at the air/skin interface, but it does 
change the angle of the RF power scattered back in the direc- 
tion ofthe antenna. Thus, the amount of signal that is directed 
back into the narrow beam pattern of the antenna varies with 
the respiration. This signal variation is quite large and is 
easily measured. 

Equation (1) can equally as well be written in terms of 
complex impedances: 


Prt) |A-Z0pf Egn (2) 
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where Z, is the impedance of free space (=377 ohms), and 
Z(t) is the time-dependent impedance of the tissue illumi- 
nated by the incident beam. This form is convenient for cor- 
relating the reflected microwave power with the measure- 
ments of the impedance-cardiographic waveform. The 
volume of blood in the upper torso is considered to be one of 
the dominant contributions to the time-dependent impedance 
of the torso. This thoracic impedance waveform consists of 
the basal impedance and a small time-dependent impedance: 
Z(t)-Zo* AZ(t). The component AZ(t) constitutes the Imped- 
ance Cardiogram (ICG), which along with its time derivative 
dZ/dt, can yield information about the mechanical properties 
of the heart, such as the timing of valve actions, the stroke 
volume, and total output of the heart. The magnitude of the 
basal resistance is usually several tens of ohms (30-60 ohm, 
for example), whereas AZ(t) is typically about 0.1 ohm, or 
less. However, this small resistance change readily modulates 
the amplitude of the reflected microwave signal. As will be 
seen from the measurement data, when properly analyzed, 
this signal component closely follows the ICG (AZ(t)) wave- 
form as measured with conventional contacting electrodes; 
and the derivative ofthe microwave signal strongly correlates 
with dZ/dt; even though the microwave signal only samples 
the blood content ofthe skin, and not the entire volume ofthe 
torso. 

The entire waveform ofthe reflected microwave signal that 
contains the ECG-related, ICG-related, and PCG-related 
information will be referred to as the “microwave cardio- 
gram.” This distinguishes it from the respiration component 
of the signal. It is also a convenient terminology when dis- 
cussing comparisons with the ECG, ICG, and PCG. 

FIG. 11 is a block diagram of a test system showing an 
arrangement of microwave components, and commercial 
ECG 420, ICG 421, and PCG 422 instruments according to an 
exemplary embodiment of the present invention. All the RF 
components are coaxial-based, except for the circulator 412, 
2-stub tuner 424, and antenna 411 which are waveguide com- 
ponents. An RF oscillator 410 is used to generate an 18 GHz 
signal. For most experiments, the power level was less than or 
equal to a milliwatt. This signal is coupled to the waveguide 
horn antenna 411 by a 3-port circulator 412. The isolation of 
the circulator 412 (typically about 25 dB) is an important 
parameter, as it determines how much of the source signal 
leaks into the receiver path. This leakage makes the receiver 
sensitive to the gross motions ofthe subject. To minimize this 
undesired effect, a phase cancellation circuit is included 
which takes a piece of the source signal, by way of a power 
divider 425, and allows for adjustment of its phase and ampli- 
tude so that by inserting it into the receiver path, it can be 
adjusted to cancel most of the leakage signal. This reduces 
gross motion artifacts by about a factor of five. However, very 
small amplitude motions, such as vibrations of the surface of 
the torso caused by the heart sounds, can still be measured. In 
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this way, the system is capable of measuring a waveform that 
is directly related to the phonocardiogram of the subject, 
without the need for the phase-stabilized homodyne tech- 
niques employed by radar methods. A 2-stub tuner 424 is used 
to minimize the impedance mismatch of the horn antenna 
411, and thus reduce standing-wave effects. The reflected 
signal is picked up by the antenna 411 and coupled through 
the circulator 412 to a low-noise 18 GHz amplifier 413 fol- 
lowed by a narrow bandpass filter 416, which reduces the 
overall noise of the system. The signal is then further ampli- 
fied by a second 18 GHz amplifier 417 and fed to an RF direct 
detector 418, which produces a voltage linearly proportional 
to the total signal power. An instrumentation amplifier 419 
with a variable gain, set to between 15 dB to 20 dB, boosts the 
signal from the detector. The signal is then collected by a 
Tektronix TDS 5104 digitizing oscilloscope 426 at a sam- 
pling rate of at least 1250 samples/second. This is a 4-channel 
scope which simultaneously measures the microwave signal, 
ECG, ICG, and PCG waveforms, thus making all 4 wave- 
forms synchronous in time. A personal computer 423 was 
used for data analysis. 

A conventional contacting single-lead ECG, the ICG, and 
PCG were measured simultaneously with the microwave car- 
diogram. FIG. 12 is a diagram showing a placement of elec- 
trodes for the ECG and ICG measurements, the accelerometer 
for the PCG measurement, with the shaded circle 430 indi- 
cating an area of the torso illuminated by the microwave beam 
and the vertical arrow 431 showing the polarization of the 
microwave beam. The ECG is measured using conventional, 
self-adhesive, Ag/AgCl electrodes. Two different amplifiers 
have been used for the ECG measurements. One is a com- 
mercial cardiotachometer with an input impedance of 2100 
mega-ohms and a bandwidth of 1 Hz-58 Hz. The other is a 
general purpose bioamplifier with an input impedance of 
210,000 mega-ohms and selectable bandwidths of 100 Hz up 
to 50 kHz. 

The thoracic impedance cardiogram was measured using a 
commercially available system. All measurements were 
made with a 50 KHz, 100 uA current source applied to the 
torso using 25 cm long strip electrodes. The corresponding 
voltage drop was measured using metal-disk electrodes. It 
was found that these electrodes gave a better correlation with 
the microwave signal than the strip electrodes, which are 
more commonly used for ICG measurements. This is related 
to the fact that the intensity profile of the microwave beam is 
Gaussian, and hence decreases with increasing radius from 
the center of the beam. Strip-shaped voltage electrodes would 
be better suited to a uniform illumination intensity with no 
radial-dependence. 

The phonocardiogram was measured with a commercially 
available, silicon-based analog accelerometer module. This 
module measured about I-inch on a side, and weighed 10 
grams. It was powered by a 12 volt DC power supply, and has 
asensitivity of about 2000 mV/G, where G is the acceleration 
due to gravity, 9.8 m/s”. 

For most measurements, the transmitted power level was 
between 50 uW and 1 mW. The typical distances between the 
subject and the horn antenna were in the range of 0.3 m to 1.0 
m, which is in the far-field of the horn (longer distance mea- 
surements were also made, up to 5 m, as discussed later). 
Using the calculated single-mode Gaussian beam pattern of 
the horn, this resulted in a power density of 0.1 mW/cm’, 
incident on the subject’s chest. The issue of safe RF power 
exposure levels has been extensively studied experimentally 
and theoretically over the past several years, primarily due to 
concerns related to the increased use of modern telecommu- 
nications and computer equipment by the general public. The 


r 


0 


-r 


5 


20 


40 


45 


55 


65 


16 


general consensus is that RF exposure is safe at low power 
levels. The currently accepted Maximum Permissible Expo- 
sure (MPE) for spot illumination in the range of 18 GHz is 
about 25 mW/cm”, as set by the IEEE Standards Coordinating 
Committee 28. The power levels used for the measurements 
reported here are at least 200 to 1000-times lower than the 
MPE, and hence are considered very safe. 

The ability of a remote-detection system in accordance 
with the present invention to operate through structures or 
debris is dependent upon the materials composing the struc- 
tures or debris. Many materials such as bricks, wood or cin- 
derblocks are transparent to electromagnetic signals of fre- 
guencies in the ranges described above. However, water in 
concrete and the presence of metal can interfere with the 
signals received by the remote-detection system. 

In other embodiments, remote-detection systems in accor- 
dance with the present invention can be used to monitor 
neural or muscular function. In addition, a remote-detection 
system could also be used as a monitor for sudden infant death 
syndrome or for sleep apnea. The applications of the remote- 
detection system also include exercise eguipment, where the 
remote-detection system can be used to monitor pulse and/or 
respiration during an aerobic workout. In all instances the 
remote-detection system is placed a distance from the subject 
and measurements are made without the need for contact 
between the system and the subject. The applications of the 
remote-detection system are not limited to human subjects or 
human tissue. The devices and principles described above can 
be equally applied to detection and monitoring of other mam- 
malian life forms. 

As discussed above, remote-detection systems in accor- 
dance with the present invention can work effectively at vary- 
ing distances from the subject, including considerable dis- 
tances. It may be advantageous to use different distances 
between the subject and the remote-detection system. In a 
disaster scene where a remote-detection system is used to 
locate trapped subjects, it may not be possible to locate the 
remote-detection system close to the subjects to be detected. 
The distance between the subject and the remote-detection 
system may also be varied to obtain a different strength and/or 
width ofreflected electromagnetic beam or to focus on a more 
specific portion of the body to the exclusion of signals 
returned from other portions. 

FIG. 13 is a graph showing a reflected microwave signal 
440 and a simultaneously measured electrocardiogram 
(ECG) 441 from an adult male breathing normally. The 
reflected microwave signal is from the torso of an adult male 
subject (the subject did not remove his shirt as the micro- 
waves readily penetrate clothing). An ECG 441 was measured 
simultaneously for comparison. The microwave signal 440 
has a large average DC offset due to the reflection caused by 
the mismatch of the average permittivity of the tissue with 
free space. The large “bumps” 442 separated by about 5 
seconds are due to breaths taken by the subject. Generally 
these respiration signal structures are very large and easy to 
detect and measure. Also visible in the figure are much 
smaller peaks between, and on top of, the respiration signal. 
These peaks align precisely with the ECG signal and are a 
result of cardiac activity, as a closer examination of the data 
will show. The amplitude of these features is typically 20 to 
100 times smaller than the respiration signal, and the magni- 
tude of the static reflection level. Thus, in order to remove the 
comparatively large baseline shifts and allow for sensitive 
measurements, the detected signal was ac-coupled to the digi- 
tizing oscilloscope. The ac-coupling circuit however changes 
the shape of the actual microwave cardiogram signal present 
at the input terminal of the oscilloscope, due to the high-pass 
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filter used to remove DC. It is thus necessary to transform the 
recorded signal using the transfer function of the input circuit 
of the oscilloscope to obtain the actual shape of the waveform 
at the input terminal. The ac-coupling circuit uses an analog 
1-pole highpass filter with a rolloff frequency of about 6 Hz. 
Using simple circuit theory, the following equation relating 
the input signal voltage, V,,,, to the voltage actually measured, 
V by the scope can be written as: 


meas? 


1 Egn (3) 
Vin (D) = Vineas (1) (ac): Í Vmeas(t) + dt. 


FIG. 14 is a graph showing a simultaneously measured 
microwave cardiogram 450, impedance cardiogram 451, and 
electrocardiogram 452 with an adjusted vertical scale to allow 
the three curves to be shown together. The value of the time 
constant, R,C,, was determined from the measured step- 
response of the scope, and found to be approximately 25 ms. 
Transforming the microwave signal using Eqn (3), FIG. 14 
shows the simultaneously measured microwave cardiogram 
450, ICG 451, and ECG 452 of an adult male subject. As can 
be seen, the microwave cardiogram 450 has a large low- 
frequency structure (with a frequency of about 1.5 Hz), as 
well as periodic higher frequency structures. As apparent 
from this figure, the low frequency components of the micro- 
wave signal 450 are synchronous with the ICG 451. High 
frequency components, which are not as easily visible with- 
out the use of digital filters, are correlated with the ECG. 
Several data sets of this type were collected from three adult 
male subjects, and all showed the same correlations. Typi- 
cally 20 to 40 seconds of data were collected. For measure- 
ments related to investigating the cardiac nature of the signal, 
the subject held his breath to avoid the large amplitude varia- 
tions related to respiration. 

FIG. 15 is a graph showing an ICG waveform 460 (solid 
curve) that shows a characteristic steep rise due to the ven- 
tricular systole and shows a lowpass-filtered microwave car- 
diogram 461 (dashed curve) with adjusted amplitude to 
match the ICG waveform 460. The graph shows that the 
agreement is quite good given the simple signal processing 
used, and demonstrates that an analog of the basic ICG wave- 
form 460 is contained in the microwave cardiogram 461. As 
depicted in FIG. 15, the filtered microwave cardiogram signal 
461 is superimposed on the simultaneously measured ICG 
waveform 460. Only the real-part of AZ(t) is shown as the 
imaginary part was nearly zero for all measurements. Further, 
decreasing impedance is shown in an upward direction, as is 
commonly done with this type of waveform. The microwave 
signal was digitally processed using a finite impulse response 
(FIR) lowpass filter with a rolloff frequency of f,,-2 Hz to 
eliminate the sharp high-frequency components. The filter 
used 450 coefficients weighted by a Hamming windowing 
function. The amplitude of the signal was then adjusted to 
give the best average match to the ICG for comparison pur- 
poses. As can be seen in FIG. 15, the lowpass-filtered micro- 
wave signal 461 agrees well with the ICG waveform 460. The 
lowpass-filtered microwave signal 461 displays the typical 
shape of this type of bioimpedance waveform with a steep rise 
(decreasing impedance) during ventricular systole, followed 
by a slower drop (increasing impedance) with a small bump 
indicating the smaller impedance increase during diastole. 

FIG. 16 is a graph showing an ICG 470 measured with 
contacting electrodes, the derivative of the ICG 471 including 
points indicating the A-wave (atrial systole), the C-wave 
(ventricular systole), the O-wave (ventricular diastole), and 
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the points B and X (aortic valve opening and closing, respec- 
tively), and the derivative of the lowpass-filtered microwave 
cardiogram 472 with vertical dashed lines indicating signifi- 
cant similarities between the waveforms. The vertical scale 
for each curve was adjusted to allow the three curves to be 
shown together. Thus, FIG. 16 shows the ICG waveform, its 
derivative dZ/dt, and the derivative of the lowpass filtered 
microwave cardiogram. The ICG was minimally lowpass fil- 
tered to remove high frequency noise and allow for a smooth 
derivative. The FIR filter had a rolloff frequency of 7 Hz and 
230 filter coefficients with a Hamming window. The dZ/dt 
waveform has been extensively studied for many years and 
several of its characteristic features can be related to events in 
the cardiac cycle. These points are labeled on the dZ/dt wave- 
form. The A-wave corresponds to the atrial systole, the 
C-wave to the ventricular systole, and the O-wave to the 
ventricular diastole. The points B and X correspond closely to 
the aortic valve opening and closing, respectively. The verti- 
cal dashed lines indicate the corresponding points on the 
derivative of the microwave signal. There is significant simi- 
larity between these waveforms. The large C-wave is clearly 
present in the microwave signal. The A-wave is also present, 
but inverted. The O-wave appears more pronounced in the 
microwave signal. The B and X points are very similar 
between the two curves. Thus, the microwave signal could be 
used to remotely monitor the timing of these cardiac events. 

Further analysis of the reflected microwave signal reveals 
that it also contains evidence of some of the characteristic 
features found in an electrocardiogram. As discussed earlier, 
an electrocardiographic signal was collected simultaneously 
with the microwave signal, with contacting electrodes placed 
on the chest, in the area illuminated by the microwave beam. 
FIG. 17 is a graph showing (a) a highpass filtered microwave 
cardiogram, (b) the wideband electrocardiographic wave- 
form (we will refer to this waveform as an “ECG” for sim- 
plicity) measured with contacting electrodes placed in the 
region illuminated by an 18 GHz signal. The 2 plots, (a) and 
(b) show several similarities between both large and small 
features ofthe two curves. Curve (a) is the microwave signal 
after being digitally processed through a FIR highpass filter 
with a 3 dB corner frequency of fz;»=12 Hz, which removed 
the large amplitude, lower-frequency components related to 
the ICG, discussed above. In addition, very high-frequency 
noise was removed from the curve using nonparametric esti- 
mation based on recently developed “wavelet shrinkage" 
techniques. Curve (b) shows the simultaneously measured 
ECG signal. This waveform contains more structure than is 
typically present in a “diagnostic” ECG, likely due to the 
placement ofthe electrodes on the chest, near the heart, rather 
than on the arms. The curves were scaled so that the highest 
peak in each was about the same height in the plot. As can be 
seen, there several correlations between the two curves. The 
peak-like structure labeled I aligns well with the QRS-com- 
plex in the ECG. In particular, the rising curve ofthe slope of 
these two peaks agree well. However, the structure in the 
microwave cardiogram is broader and not as sharp as its ECG 
counterpart. This is due primarily to the fact that the micro- 
wave beam illuminates most of the upper torso, and thus 
provides more of a spatial-average of the QRS-complex. 
Since the QRS-complex changes shape at different points on 
the torso, and even reverses direction on the right side of the 
upper chest, it is not surprising that the microwave counter- 
parthas a more smeared-out shape. Also, the QRS-complex is 
a spatially dipolar potential that will affect different parts of 
the beam differently. These is also a reproducible peak, 3, that 
aligns well with the central peak of the T-wave. Numerous 
other measurements ofthis type have typically shown a well- 
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defined peak or hump aligned with the T-wave. The T-wave 
may be more easily seen since it has a single polarity on the 
chest, and will more uniformly reflect the microwave beam. 
There is also a structure in the vicinity of the P-wave, but the 
correlation is not as strong. This is likely because the P-wave 
potential is quite low and so would affect the permittivity of 
the tissue less that the other components of the ECG. There 
are also two reproducible, strong, peaks, 2 and 4, which occur 
just after the QRS-complex and the T-wave, respectively. 
These are precisely the locations one would expect to see the 
first and second heart sounds, respectively. In fact, as dis- 
cussed later, due to the short-wavelength of our 18 GHz 
signal, the test system is sensitive to the very small amplitude 
vibrations at the surface of the chest caused by the heart 
sounds. Finally, it is interesting to note that there is a small 
reproducible peak, 6, that appears in the microwave cardio- 
gram, but not in the contacting ECG waveform. It may rep- 
resent some additional cardiac physiology that is not seen in 
a conventional ECG. Higher resolution measurements and 
clinical studies will be needed to investigate this point. 

It is possible to obtain the same basic microwave cardio- 
gram signal from a person at a distance of several meters as it 
is for distances less than or equal to 1 m as discussed above. 
A higher-gain antenna which produces a more narrowly col- 
limated beam was used. The cross section of a typical adult 
will still intercept most of the microwave beam, but at a larger 
distance from the antenna, thus maintaining a good S/N ratio. 
Using a waveguide horn antenna coupled with a 25 cm diam- 
eter Teflon lens, which produced a 3 dB full beam width of 
6-degrees (i.e., a gain of 28.5 dBi), measurements of micro- 
wave cardiograms were made at a distance of 5 m (17 ft) (the 
longest unobstructed distance available in the laboratory). 
Also, to improve the S/N ratio for these measurements, the 
data was digitized at 12.5 KS/sec and then averaged in groups 
of 10 data points to produce an effective sampling rate of 1.25 
KS/sec. A single-lead ECG using the cardiotachometer, with 
contacting electrodes on the arms, was collected simulta- 
neously; and no ICG was collected. The purpose here is to 
show that the technique works over larger distances, and not 
to make another detailed comparison with the ECG and ICG 
waveforms. 

FIG. 18 is a graph showing (a) microwave cardiogram 480 
measured at a distance of 17 feet, (b) the lowpass filtered 
microwave cardiogram 481 and the derivative of the lowpass 
filtered microwave cardiogram 482 with characteristic points 
of an ICG identified, and (c) the highpass filtered microwave 
cardiogram 483 and a reference ECG measurement 484 made 
with contacting electrodes. 

The microwave cardiogram 480 was obtained from an 
adult male sitting 5 m from the antenna. The microwave 
cardiogram shows broad periodic structure with smaller, 
sharp features as seen in FIG. 14. 

The bioimpedance-related curve 481, AZ, and its derivative 
482, dZ/dt, is obtained from curve (a) using the digital filter- 
ing techniques discussed earlier. The large C-wave (ventricu- 
lar systole) is clearly seen. The smaller diastolic O-wave, as 
well as other characteristic features also appear to be present. 
The detailed shape of dZ/dt is not expected to look exactly 
like that obtained from a typical contacting ICG, in this case. 
At a distance of 5 m, the diameter of the beam at the subject 
was about 77 cm. Thus, the beam illuminated more than just 
the chest or upper torso. Clearly the bioimpedance-related 
signal obtained in this case would be expected to contain 
some of the ICG components, as well as other features. It is 
well-known that an ICG waveform is strongly dependent on 
the type and placement of the electrodes. The area illuminated 
by the beam in this case would certainly correspond to some 
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non-standard arrangement of electrodes. For applications 
where a detailed ICG may be needed from a distance, a 
properly-designed antenna with an appropriately sized beam 
would need to be used. 

The highpass-filtered waveform 483 was obtained using 
the same signal processing techniques for the microwave 
cardiogram described earlier. There is reasonable correlation 
between the structures related the first heart-sound and the 
QRS-complex. There are also reproducible components in 
the microwave signal at the position of the T-wave in the ECG. 
The contacting ECG 484 is provided for reference. 

These results demonstrate that it is possible to obtain elec- 
trocardiographic-related and bioimpedance-related wave- 
forms at distances of at least 5 m. The maximum usable 
distance will ultimately be limited by tradeoffs between RF 
power, beam size, and the isolation of the circulator, to maxi- 
mize the overall S/N ratio. For medical-related applications, 
where particular waveforms are required, antennas may be 
engineered to produce specific beam shapes, and more 
sophisticated signal processing algorithms may be devel- 
oped. 

A significant application for remote-sensing human vital 
signs is identifying the presence of a person behind a barrier 
(e.g., collapsed walls and floors, or other rubble at a disaster 
site). It is primarily important in this case to identify wave- 
forms with human ECG-related and ICG-related features, in 
order to distinguish it from an object which might be oscil- 
lating (or repetitively moving) with frequency components 
between 1 Hz and 2 Hz: the typical range for a human heart 
beat. Three types of barriers were constructed to test the 
effectiveness of this microwave technique for this applica- 
tion. The barriers are: 1) a 4 ft wide by 8 ft tall section of a 
typical residential interior wall, constructed with standard 
2x4s on 16 inch centers for the frame, with 0.5 inch thick 
sheet-rock panels on both sides; 2) a standard 36 inch wide by 
80 inch tall by 1.75 inch thick wooden door; and 3) a cinder- 
block wall 49 inches wide by 46 inches tall by 8 inches thick, 
the blocks being clamped together in a wood frame using 0.5 
inch diameter threaded steel rods which simulated the rebar 
found in actual walls of this type. The microwave cardiogram 
test system was used to measure the roundtrip attenuation at 
18 GHz of each barrier. The lens-antenna, described above, 
was used to produce a narrow beam. A 25 cm diameter, 
2-blade, metallic chopper-wheel running at about 10 Hz was 
used to produce a triangle-wave modulation of the reflected 
microwave beam. The chopper was placed at a distance of 4.3 
m from the lens-antenna. The barriers were inserted into the 
beam at a distance of 3.5 m from the antenna. The first 20 
seconds of data were taken without the barrier, to establish the 
zero-attenuation level. Then the barrier was inserted and an 
additional 20 seconds of reflection data were taken. Any 
barrier will cause some reflected power, which can produce 
standing-waves, resulting in baseline shifts of the measured 
signal level. To get an approximate measure of this effect, the 
barriers were wiggled slightly back and forth during the mea- 
surements, which produced some amplitude variations in the 
received signal. The result for the interior wall barrier was that 
between 61% and 92% of the transmitted signal returns to the 
system. The standing-wave effect can be minimized in a 
practical application, simply by directing the microwave 
beam at a slight angle to the barrier, thus avoiding a direct 
reflection back into the antenna. Measurements were made 
for the other barriers. For the door, 13% to 39% of the signal 
was returned, and for the cinder-block wall, 1.5% to 4% of the 
signal was returned. These attenuation factors are not very 
large and are not expected to significantly limit the usefulness 
of this technique, since the transmitted power can simply be 
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increased to compensate for the loss. However, the S/N ratio 
will decrease due to the directivity of the circulator. More 
sophisticated signal processing might be necessary for a bar- 
rier like cinder blocks; or lower (and hence more penetrating) 
frequencies might also be desirable in some cases. 

FIG. 19 is a graph showing (a) microwave cardiogram 490 
measured for an adult male located behind an interior wall; 
(b) the lowpass filtered microwave cardiogram 491 and its 
derivative 492 with the A-wave, O-wave, C-wave, and the X 
and B points identified; and (c) the highpass filtered micro- 
wave cardiogram 493. The microwave cardiogram 490 is 
from a person positioned 2 feet behind the interior wall bar- 
rier. The microwave antenna was located 3 feet in front of the 
barrier. A wavelet transform and a FIR lowpass filter with a 
rolloff frequency of 40 Hz and 150 filter coefficients were 
used to reduce noise on the highpass filtered microwave car- 
diogram 493. The sharp structures (point (1)), seen many 
times before in this type of waveform, in close proximity to 
the first heart sound and the QRS-complex, is clearly seen 
here, as is a smaller peak (point (2)) approximately midway 
between the large peaks, which is usually correlated with the 
second heart sound. Thus, even with simple signal process- 
ing, it would be possible to identify the presence of a trapped 
victim behind a barrier with a high probability. 

For search and rescue applications, an important practical 
issue is that the microwave beam is not likely to illuminate a 
trapped survivor squarely on the chest. It is thus important to 
determine if a microwave reflection from other parts of the 
body can be used to identify the presence of a trapped victim, 
as well as providing some information on the vital signs. 
Because this microwave technique detects the time-depen- 
dent part of the permittivity of the tissues, it can work on most 
any part of the body. To demonstrate this, 18 GHz reflection 
data were collected when the beam illuminated only: 1) the 
lower abdomen; 2) the left-side of the head; and 3) the upper- 
half of the left leg. In each case the beam impinged at near 
normal incidence to the tissue in the body area being mea- 
sured. Other nearby body areas were covered with aluminum 
foil or absorber to avoid any additional modulation of the 
signal from those areas. 

FIG. 20 is a graph showing (a) microwave signal 500 
reflected from the lower abdomen; (b) the lowpass filtered 
microwave signal 501 and its derivative 502 The oscillating 
volume of blood in the illuminated tissues produces signifi- 
cant modulation of the reflected microwave signal, as seen in 
the derivative which shows a large periodic systolic peak 
(labeled I), followed by a smaller peak (labeled 2) which 
appears similar to an O-wave; and (c) the highpassed-filtered 
microwave cardiogram 503 and the unfiltered ECG 504. 
There is a reasonable correlation with structures associated 
with the 1” heart sound and the QRS-complex. There is also 
areproducible dip in the microwave signal 503 at the position 
of the T-wave (ventricular repolarization) in the ECG; as well 
as a smaller dip in the region of the P-wave. 

FIG. 21 is a graph showing (a) microwave signal 510 
reflected from the left side of the head; (b) the lowpass filtered 
microwave signal 511 and its derivative 512. The oscillating 
volume of blood in the illuminated tissues produces signifi- 
cant modulation of the reflected microwave signal, showing 
that the resulting distinctive systolic peak (labeled 1) in the 
derivative is clearly seen, as is a diastolic peak (labeled 2); and 
(c) the highpassed-filtered microwave cardiogram 513 and 
the unfiltered ECG 514. There is reasonable correlation 
between the structures related the first heart-sound, the QRS- 
complex, and the second heart sound. There is also a repro- 
ducible dip in the microwave signal at the position of the 
T-wave in the ECG. 
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FIG. 22 is a graph showing (a) microwave signal 520 
reflected from the upper part of the left leg; (b) the lowpass 
filtered microwave signal 521 and its derivative 522 (This 
low-frequency component is related to blood flow, and the 
resulting distinctive systolic peak (labeled 1) in the derivative 
is clearly seen, as is a diastolic peak (labeled 2).); and (c) the 
highpassed-filtered microwave cardiogram 523 and the unfil- 
tered ECG 524. Again, there is reasonable correlation 
between the structures related to the heart sounds and the 
QRS-complex, though the microwave signal is noisier in this 
case due to the weaker modulation produced by the smaller 
tissue volume of the leg. 

The same basic features are seen again in FIG. 22 for the 
measurements on the left leg. In general, the modulation of 
the reflected microwave signal for these other body areas was 
lower than for the case of illuminating the chest. In particular, 
the signal modulation for the case of the leg was significantly 
lower, resulting in the noisier waveform seen in (a). The S/N 
ratio will be greater the larger the fraction of the body that is 
illuminated. Nonetheless, this demonstrates that waveforms 
with unique human characteristics related to cardiac activity 
can be obtained from different parts of the body other than the 
chest. This provides an additional unique capability not gen- 
erally possible with the microwave Doppler radar approach. 

Given that it is possible to remotely measure cardio- 
graphic-related waveforms, there are potentially several use- 
ful, as well as commercial, applications of the remote-sensing 
technique described in the paper. Some have already been 
mentioned. To summarize, these include 1) long-term moni- 
toring of cardiac patients; 2) search and rescue—the ability to 
identify survivors behind collapsed walls or other barriers, 
and even obtain some preliminary information on their medi- 
cal condition; 3) emergency medical support—remote-sens- 
ing of some vital signs would be especially useful for burned 
or trapped victims; 4) NASA—unfettered monitoring of 
astronauts aboard the International Space Station and con- 
tinuous monitoring during Extra-Vehicular Activities, as well 
as continuous monitoring of Shuttle pilots during takeoff and 
landing operations; 5) a SIDS monitor—the microwave beam 
would readily pass through blankets and clothing, and 
because the beam size can cover the entire crib, the location or 
position of the infant should not affect the ability to monitor 
pulse and respiration; 6) adult sleep apnea monitor; and 7) a 
portable handheld unit to monitor pulse and respiration dur- 
ing exercise. 

The microwave components used in the measurements 
discussed above are readily available commercial items. The 
performance specifications of the components are not critical 
which simplifies the design and reduces cost. The entire RF 
part of the system could readily be mass-produced using 
MMIC-based techniques and automated assembly similar to 
cell phone manufacturing methods, thus further reducing 
costs and size. The antenna, battery, and readout display will 
determine the final size of a portable unit. For operational 
distances up to say 20 ft, an 18 GHz handheld unit should be 
only slightly larger than a PDA or handheld computer. 
Because the technique relies on the RF permittivity of tissues 
near the surface of the body, higher frequencies, up to possi- 
bly 90 GHz would also work. In this case, antenna sizes would 
be proportionately smaller. However, high frequencies will 
not penetrate certain barriers as well. The final configuration 
will depend on the specific application and tradeoffs will need 
to be made between power level, penetration capability, dis- 
tance of operation, antenna size, and battery life. 

It has been shown that it is possible to measure cardio- 
graphic-related waveforms, as well as the respiration rate of a 
person over distances of several meters using an 18 GHz 
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remote-sensing technique. Such waveforms can also be mea- 
sured through common construction banners such as walls 
and doors. The biomedical information is contained in the 
small amplitude modulations of the reflected microwave sig- 
nal caused by the time-dependent part of the permittivity of 
the illuminated tissue, as driven by the heart. The microwave 
signal can be reflected from most any area of the body, though 
the strongest modulation is obtained from the upper torso. 
The RF components for a small portable device are readily 
available. Development of appropriate signal processing 
algorithms to better separate the various physiological and 
motion-related components of the signal could lead to devices 
with a variety of medical, search and rescue, and other com- 
mercial applications. 

In summary, basic single-lead or multi-lead electrocardio- 
graphic (ECG) measurements are commonly used in a variety 
of medical situations. In short-term, non-ambulatory cases, 
the measurements are relatively simple to take. However, for 
many medical situations, the circumstances can pose real 
problems for the patient-electrode interface. Important 
examples include (1) long-term intensive care which requires 
continuous cardiac monitoring (electrodes usually need to be 
replaced at least once a day and skin irritations can result from 
prolonged use); (2) burn victims for which any type of physi- 
cal contact is problematic; (3) victims at an accident/disaster 
site, or patients in an ambulance, where even the single-wire 
from a simple finger pulse-oximeter may interfere with the 
work of emergency medical technicians; and (4) measure- 
ments of heart conditions that occur sporadically, requiring 
the patient to wear a Halter monitor for 24-48 hours. In cases 
like these, a method for obtaining electrocardiographic-re- 
lated data without contacting the patient, and even from a 
distance of several meters away, would significantly benefit 
the patient and improve the medical care. An additionally 
important application of such a capability would be to allow 
rescue workers to locate survivors behind collapsed walls or 
floors, or under rubble piles, by remotely-sensing a human 
cardiographic waveform and respiration. This would help to 
save lives, since for example it takes two hours for trained 
rescue personnel to cut a 1 m? hole through a 6-inch thick 
reinforced concrete wall. Determining first whether anyone is 
alive behind various barriers and deploying resources appro- 
priately is critical to rescuing as many people as possible. 
Improvements in technologies, to locate survivors is a high 
priority for disaster assistance and rescue teams. 

As previously mentioned, a small amount of the transmitter 
source signal leaks into the receiver signal path. As a result, 
any small phase shifts in the reflected signal from the subject 
due to motion, will interfere constructively and destructively 
with the fixed leakage signal. This will produce amplitude 
changes in the detected signal. Due to the very high fre- 
quency, and hence very short wavelength, of our test system, 
this interference-effect produces measurable amplitude 
changes due to very tiny motions in the illuminated tissue. As 
aresult, our test system can readily detect the small vibrations 
due to the heart sounds. FIG. 23 shows three measured curves 
for an adult male sitting about 3 feet from the transmitting 
antenna. Curve (c) shows the contacting ECG, for reference. 
Curve (b) shows the waveforms of the first (label 1) and 
second (label 2) heart sounds obtained with the accelerom- 
eter. This waveform is commonly referred to as a phonocar- 
diogram (PCG). This curve was highpass filtered with a cor- 
ner frequency of 20 Hz. (This just removed any baseline 
drifts, as the heart sounds have dominate frequency compo- 
nents above 20 Hz, anyway.) Curve (a) shows the microwave 
cardiogram after highpass filtering above 20 Hz. As can be 
seen there is exceptionally close correlation with the PCG. 


r 


0 


fan 


5 


20 


40 


45 


50 


55 


60 


65 


24 


The peaks, labeled 3 and 4, align extremely well with the first, 
1, and second, 2, heart sounds, respectively. Even the struc- 
ture and shapes of the corresponding peaks is very similar. 
This clearly indicates that this approach can be used to detect 
details in the heart sounds, which would be useful for diag- 
nostic purposes. Heart murmurs, and other anomalous sounds 
could be readily monitored from a large distance. It is also 
interesting to note, that structures corresponding to parts of 
the ECG are also present in the microwave waveform. For 
example, the reproducible slope, labeled 5, between the 1” 
and 2”? sounds, aligns very well with the downward sloping 
side of the T-wave. There is also a reproducible dip, labeled 6, 
well aligned with the P-wave. 

While the above description contains many specific 
embodiments of the invention, these should not be construed 
as limitations on the scope of the invention, but rather as an 
example of one embodiment thereof. Many other variations 
are possible, including implementing remote-detection sys- 
tems in accordance with the present invention using planar 
antennas and MMIC manufacturing techniques. In addition, 
any process, physiological or otherwise, can be monitored 
that involves variations in patterns and/or intensity of 
reflected electromagnetic radiation using remote-detection 
systems in accordance with the present invention. Accord- 
ingly, the scope of the invention should be determined not by 
the embodiments illustrated, but by the appended claims and 
their equivalents. 

While the invention has been described in terms of exem- 
plary embodiments, it is to be understood that the words 
which have been used are words of description and not of 
limitation. As is understood by persons of ordinary skill in the 
art, a variety of modifications can be made without departing 
from the scope of the invention defined by the following 
claims, which should be given their fullest, fair scope. 


What is claimed is: 

1. A non-imaging remote-detection system for monitoring 
changes in permittivity associated with cardiac-related activ- 
ity of a subject having a body that is free to move, comprising: 

a source containing an oscillator configured to illuminate 
tissue of the subject with an electromagnetic signal 
beam; 

a receiver configured to receive reflections of the electro- 
magnetic signal beam from the subject, where the reflec- 
tions include amplitude variations indicative of motion 
of the illuminated tissue and amplitude variations 
indicative of time dependent variations in a reflection 
coefficient at an air-tissue interface of the subject’s body 
resulting from variations in the permittivity of the illu- 
minated tissue associated with electrical activity of the 
subject’s heart; and 

a detector connected to the receiver and configured to 
extract from the reflected signal beam the variations in 
amplitude indicative of time dependent variations in the 
reflection coefficient. 

2. The remote-detection system of claim 1, wherein: 

the source also includes a first antenna portion; and 

the receiver includes a second antenna portion connected to 
the detector. 

3. The remote-detection system in claim 2, wherein the 
source and the receiver are directionally coupled to a single 
antenna that acts as the first antenna portion and the second 
antenna portion. 

4. The remote-detection system of claim 1, wherein: 

the subject has a beating heart; 

the permittivity of the illuminated tissue changes in 
response to the beating heart; 
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the amplitude of the reflected electromagnetic signal beam 
changes as the permittivity of the illuminated tissue 
changes; and 

the detector is configured to extract from the reflected 

electromagnetic signal beam variations in amplitude 
associated with the changes in the permittivity of the 
illuminated tissue. 

5. The remote-detection system of claim 1, wherein the 
detector is further configured to extract from the reflected 
signal beam the variations in amplitude indicative of motion 
of the illuminated tissue. 

6. The remote-detection system of claim 5, wherein: 

the detector is configured to extract from the reflected 

signal beam the variations in amplitude indicative of 
motion of the illuminated tissue as correlates with heart 
sounds or a phonocardiogram of the subject. 

7. A non-imaging remote-detection system for monitoring 
the cardiac-related activity of a subject having a body, com- 
prising: 

means for illuminating tissue of the subject with an elec- 

tromagnetic signal; 

means for detecting reflections of the electromagnetic sig- 

nal, where the reflections include amplitude variations 
indicative of motion of the illuminated tissue and ampli- 
tude variations indicative of time dependent variations 
in a reflection coefficient at an air-tissue interface of the 
subject’s body resulting from variations in the permit- 
tivity of the illuminated tissue associated with electrical 
activity of the subject’s heart; and 

means for extracting a signal indicative of the amplitude 

variations of the electromagnetic signal reflected by the 
illuminated tissue that are associated with motion of the 
illuminated tissue and the amplitude variations of the 
electromagnetic signal reflected by the illuminated tis- 
sue that are associated with time dependent changes in 
the reflection coefficient. 

8. The remote-detection system as claimed in claim 7, 
further comprising: 

means for extracting a signal indicative of the changes in 

the amplitude of the electromagnetic signal reflected by 
the illuminated tissue that are associated with motion of 
the illuminated tissue as correlates with heart sounds or 
a phonocardiogram of the subject. 

9. A non-imaging method of observing changes in the 
permittivity of a body of a subject associated with cardiac- 
related activity, comprising: 

illuminating tissue of the subject with an electromagnetic 

signal beam; 

receiving reflections of the electromagnetic signal beam 

that include amplitude variations indicative of motion of 
the illuminated tissue and amplitude variations indica- 
tive of time dependent variations in a reflection coeffi- 
cient at an air-tissue interface of the subject’s body 
resulting from variations in the permittivity of the illu- 
minated tissue associated with electrical activity of the 
subject’s heart; and 

extracting from the reflected signal a signal indicative of 

the amplitude variations of the electromagnetic signal 
associated with motion of the illuminated tissue and the 
amplitude variations of the electromagnetic signal asso- 
ciated with time dependent changes in the reflection 
coefficient. 

10. The method of claim 9, further comprising: 


extracting from the reflected signal a signal indicative of 
the changes in the amplitude of the electromagnetic 
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signal associated with motion of the illuminated tissue 
as correlates with heart sounds or a phonocardiogram of 
the subject. 

11. A non-imaging remote sensing system for providing 
cardiac-related data of a subject having a body, comprising: 

a transmitter for transmitting a microwave signal to illumi- 
nate tissue of the subject; 

a receiver for receiving a reflected microwave signal, the 
reflected microwave signal being a reflection of the 
microwave signal from illuminated tissue of the subject; 
and 

a processor for processing the reflected microwave signal; 

wherein the processor is configured to analyze an ampli- 
tude of the reflected microwave signal to determine 
changes in a reflection coefficient at an air-tissue inter- 
face of the subject’s body resulting from changes in 
permittivity of the illuminated tissue of the subject, the 
changes in permittivity containing a static component 
and a time-varying component, the processor being con- 
figured to process the time-varying component to pro- 
vide cardiographic related data of the subject. 

12. The remote sensing system as claimed in claim 11, 

wherein: 

the transmitter includes an RF oscillator coupled to a cir- 
culator and an antenna coupled to the circulator; 

the receiver includes the antenna coupled to the circulator; 
and 

the processor includes an amplifier, a direct detector, and a 
computer. 

13. The remote sensing system as claimed in claim 11, 
wherein the microwave signal has a frequency between 100 
MHz and 200 GHz. 

14. A remote sensing system for providing cardiac-related 
data of a subject, comprising: 

a transmitter for transmitting a microwave signal to illumi- 

nate tissue of the subject; 

a receiver for receiving a reflected microwave signal, the 
reflected microwave signal being a reflection of the 
microwave signal from illuminated tissue of the subject; 
and 

a processor for processing the reflected microwave signal; 

wherein the processor is configured to analyze an ampli- 
tude of the reflected microwave signal to determine 
changes in permittivity of the illuminated tissue of the 
subject, the changes in permittivity containing a static 
component and a time-varying component, the proces- 
sor being configured to process the time-varying com- 
ponent to provide cardiographic related data of the sub- 
ject; 

wherein the cardiographic related data correlate with an 
electrocardiogram or an impedance cardiogram. 

15. A remote sensing system for providing cardiac-related 

data of a subject, comprising: 

a transmitter for transmitting a microwave signal to illumi- 
nate tissue of the subject; 

a receiver for receiving a reflected microwave signal, the 
reflected microwave signal being a reflection of the 
microwave signal from illuminated tissue of the subject; 
and 

a processor for processing the reflected microwave signal; 

wherein the processor is configured to analyze an ampli- 
tude of the reflected microwave signal to determine 
changes in permittivity of the illuminated tissue of the 
subject, the changes in permittivity containing a static 
component and a time-varying component, the proces- 
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sor being configured to process the time-varying com- 
ponent to provide cardiographic related data of the sub- 
ject; 
wherein the processor is further configured to process the 
time-varying component to provide a respiratory pattern 
or a pulse rate of the subject. 
16. A non-imaging method of remotely sensing cardiac- 
related data of a subject, comprising: 
transmitting a microwave signal to illuminate tissue of the 
subject; 
receiving a reflected microwave signal, the reflected micro- 
wave signal being a reflection of the microwave signal 
from illuminated tissue of the subject; 
processing the reflected microwave signal and analyzing 
an amplitude of the reflected microwave signal to deter- 
mine changes in a reflection coefficient at an air-tissue 
interface of the subject’s body resulting from changes in 
permittivity of the illuminated tissue of the subject, the 
changes in permittivity containing a static component 
and a time-varying component; and 
processing the time-varying component to provide cardio- 
graphic related data of the subject. 
17. The method as claimed in claim 16, further comprising: 
A method of remotely sensing cardiac-related data of a sub- 
ject, comprising: 
transmitting a microwave signal to illuminate tissue of the 
subject; 
receiving a reflected microwave signal, the reflected micro- 
wave signal being a reflection of the microwave signal 
from illuminated tissue of the subject; 
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processing the reflected microwave signal and analyzing 
an amplitude of the reflected microwave signal to deter- 
mine changes in permittivity of the illuminated tissue of 
the subject, the changes in permittivity containing a 
static component and a time-varying component; and 

processing the time-varying component to provide cardio- 
graphic related data of the subject; 

providing a respiratory pattern or a pulse rate from the 
time-varying component. 

18. The method as claimed in claim 16, wherein the micro- 

wave signal has a frequency between 100 MHz and 200 GHz. 
19. A method of remotely sensing cardiac-related data of a 
subject, comprising: 

transmitting a microwave signal to illuminate tissue of the 
subject; 

receiving a reflected microwave signal, the reflected micro- 
wave signal being a reflection of the microwave signal 
from illuminated tissue of the subject; 

processing the reflected microwave signal and analyzing 
an amplitude of the reflected microwave signal to deter- 
mine changes in permittivity of the illuminated tissue of 
the subject, the changes in permittivity containing a 
static component and a time-varying component; and 

processing the time-varying component to provide cardio- 
graphic related data of the subject; 

providing the cardiographic related data as correlated with 
an electrocardiogram or an impedance cardiogram. 


UNITED STATES PATENT AND TRADEMARK OFFICE 
CERTIFICATE OF CORRECTION 


PATENT NO. : 7,811,234 B2 
APPLICATION NO. : 11/897884 

DATED : October 12, 2010 
INVENTOR(S) : William R. McGrath 


Page 1 of 10 


It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below: 


In the Claims 


FIG. 9A, Sheet 9 of 24 


FIG. 9B, Sheet 10 of 24 


FIG. 13, Sheet 14 of 24 


FIG. 14, Sheet 15 of 24 


FIG. 17, Sheet 18 of 24 


FIG. 18, Sheet 19 of 24 


FIG. 21, Sheet 22 of 24 


Delete Drawing Sheet 9 and substitute therefore the 
Drawing Sheet, consisting of FIG 9A, as shown on the 
attached page 


Delete Drawing Sheet 10 and substitute therefore the 
Drawing Sheet, consisting of FIG 9B, as shown on the 
attached page 


Delete Drawing Sheet 14 and substitute therefore the 
Drawing Sheet, consisting of FIG 13, as shown on the 
attached page 


Delete Drawing Sheet 15 and substitute therefore the 
Drawing Sheet, consisting of FIG 14, as shown on the 
attached page 


Delete Drawing Sheet 18 and substitute therefore the 
Drawing Sheet, consisting of FIG 17, as shown on the 
attached page 


Delete Drawing Sheet 19 and substitute therefore the 
Drawing Sheet, consisting of FIG 18, as shown on the 
attached page 


Delete Drawing Sheet 22 and substitute therefore the 
Drawing Sheet, consisting of FIG 21, as shown on the 
attached page 


Signed and Sealed this 
Fourth Day of October, 2011 


David J. Kappos 
Director of the United States Patent and Trademark Office 


CERTIFICATE OF CORRECTION (continued) Page 2 of 10 
U.S. Pat. No. 7,811,234 B2 


FIG. 22, Sheet 23 of 24 Delete Drawing Sheet 23 and substitute therefore the 
Drawing Sheet, consisting of FIG 22, as shown on the 
attached page 


CERTIFICATE OF CORRECTION (continued) Page 3 of 10 


U.S. Patent Oct. 12, 2010 Sheet 9 of 24 7,811,234 B2 


] 


310 


312 


CONTACTING RESPONSE --------------- 


z N 

e E 

KL 

< > 
5 = 
Q M 

: D 
O a G 
a M u 
jer: L- 

© 


Page 4 of 10 


7,811,234 B2 


CERTIFICATE OF CORRECTION (continued) 


U.S. Patent 


Sheet 10 of 24 


Oct. 12, 2010 


Oc 


= Z 


D 


61 


8l 


GKK = 
Li 91 


SL 


LA! 


ei 


[ZH] 19N3N03Y3 
ZL Ft gt 68 


£ 


NOILYINWILS ZHSL 
86 JIJ 


N 


O0 


+ 


U 


LO 


0 


00 


0 


CERTIFICATE OF CORRECTION (continued) Page 5 of 10 


U.S. Patent Oct. 12, 2010 Sheet 14 of 24 7,811,234 B2 
ci e 
CN 


FIG.13 


ra 
O 
ul 
Sei 
py 
Lu 
= 
E 


MICROWAVE 
SIGNAL 
M 


CERTIFICATE OF CORRECTION (continued) Page 6 of 10 


U.S. Patent Oct. 12, 2010 Sheet 15 of 24 7,811,234 B2 
O = N 
u) u) 19) 
+ x + 
| | MT 
Oo 
00 
N | o 
`> ti 
Qs F e 
GC LI 
Fx, r = 
fe 
N 
O 
LO 
SE 
Z oi 
== 


Page 7 of 10 
7,811,234 B2 


CERTIFICATE OF CORRECTION (continued) 


U.S. Patent Oct. 12, 2010 Sheet 18 of 24 


FIG.17 


(b 
0 
8 


AMPLITUDE 
(ARB. UNITS] 


Page 8 of 10 


7,811,234 B2 


CERTIFICATE OF CORRECTION (continued) 


U.S. Patent 


Sheet 19 of 24 


Oct. 12, 2010 


[035] ‚am 


cr — 


Day — 


RL Old 


ÍSUNA qy) 
JONINdAV 


[SINN gw 
3aninanv 


[SLNN gw] 
JON AY 


CERTIFICATE OF CORRECTION (continued) Page 9 of 10 


U.S. Patent Oct. 12, 2010 Sheet 22 of 24 7,811,234 B2 
Q 
C5 
KI 
E, 


—— 510 
SSS 
mu 512 


TIME [SEC] 


© o 

ky Us u 

se BE e E 
= = = 

u, 9 u) m; m WEN 

sE sE ==> 

= = 22 < Æ 


CERTIFICATE OF CORRECTION (continued) Page 10 of 10 


U.S. Patent Oct. 12, 2010 Sheet 23 of 24 7,811,234 B2 
Ng 
> 
ME ` 3 8 
EN M 


TIME [SEC] 


LO 
To) 
M O Ng CH 
O CH 
| 
=D Lit ” ud ca 
SE 55 SE 
px 2 5 ES 
= = SC Deeg 
=> Ss e =Æ 
ix XX, zx 


